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as	 a	 driver	 of	 allopatric	 speciation	 for	many	African	 taxa.	 This	 habitat‐dependent	
mode	of	diversification	has	been	implicated	in	the	shift	from	C3	 (e.g.	forest/wood‐
land)	to	C4	dominated	systems	(i.e.	open	savanna,	grasslands)	in	a	number	of	African	
squamates.	We	 examined	 this	 hypothesis	 using	 a	 genus	 of	African	 viperid	 snakes	
(Bitis)	with	both	open	habitat	and	forest‐dwelling	representatives.
Location: Africa.
Methods: A	 comprehensive	multilocus	 dataset	was	 used	 to	 generate	 a	 calibrated	






Results: The	genus	Bitis	originated	 in	the	Oligocene,	with	species	 level	diversifica‐
tion	in	the	late	Miocene/Pliocene.	Four	well‐supported	clades	correspond	to	the	rec‐
ognized	subgenera	Bitis, Keniabitis, Macrocerastes and Calechidna.	Several	previously	
unrecognized	lineages	potentially	represent	cryptic	species.
Main conclusions: Habitat‐dependent	 evolution	does	not	 appear	 to	have	been	 a	
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1  | INTRODUC TION
In	 broad	 terms,	 sub‐Saharan	 African	 faunal	 lineages	 can	 be	 seg‐
regated	 into	 those	 that	 occupy	 closed	 or	 dense	 canopy	 forest/
woodland	 ecosystems	 (“forest”	 lineages)	 and	 those	 that	 occupy	
structurally	more	open	ecosystems	such	as	grassland,	heathlands,	
open	 savanna	 and	 desert	 (“open‐habitat”	 lineages:	 e.g.	 deMeno‐
cal,	1995,	2004;	Maslin	et	al.,	2014;	Tolley,	Chase,	&	Forest,	2008;	
Tolley	 et	 al.,	 2011).	 Through	 the	 Palaeogene	 (66–23	 Ma)	 dense	
woodland/forest	was	widespread	 across	 sub‐Saharan	Africa,	 and	
was	gradually	displaced	by	open	ecosystems	through	the	Oligocene	
and	early	Miocene	as	the	tropical	climate	aridified	(Coetzee,	1993;	
Kissling	 et	 al.,	 2012;	 Linder,	 2017;	 Morley,	 2007).	 During	 the	
Oligocene,	 forest/woodland	became	 reduced	 in	extent,	 contract‐
ing	from	North	Africa	and	the	Southern	&	Zambezian	region	 into	
central	 Africa	 presumably	 leaving	 substantial	 patches	 in	 central	






Osborne,	 Strömberg,	&	Smith,	 2010;	Kissling	et	 al.,	 2012;	Maslin	












itat	 fauna.	Multiple	 hypotheses	 have	been	 invoked	 to	 explain	 this	
faunal	 evolution	 in	open	habitats	 (Potts,	 1998;	Vrba,	 1985,	1992),	
and	 collectively	 these	have	been	 termed	 “habitat‐specific	 hypoth‐
eses”	 (deMenocal,	 2004;	 Potts,	 1998).	 The	 paradigm	 essentially	








expansion	 of	 C4	 grassland	 during	 the	 Plio‐Pleistocene	 appears	 to	
have	played	a	role	 (Hewitt,	2004)	as	the	first	appearance	of	many	
arid	adapted	species	across	a	range	of	taxa	coincides	with	this	period	
(Bobe	 &	 Behrensmeyer,	 2004;	 Bobe,	 Behrensmeyer,	 &	 Chapman,	
2002;	 Bowie	 &	 Fjeldså,	 2008;	 Vrba,	 1992;	 Wesselman,	 1985).	
Phylogenetic	 studies	 also	 support	 this	 hypothesis,	 with	 a	 number	
of	 forest‐dependent	 taxa	 showing	 strong	 signatures	 of	 allopatric	
speciation	corresponding	to	fragmentation	of	forests	(Barej,	Penner,	
Schmitz,	&	Rödel,	 2015;	Bowie,	 Fjeldsa,	Hackett,	Bates,	&	Crowe,	










ing	 in	 low	 genetic	 structure.	 In	 contrast,	 most	 forest‐dependent	





continent	 is	 not	 plausible.	However,	 a	 paradigm	 that	 incorporates	
the	reduction	in	forest/woodland	as	an	important	driver	of	biogeo‐
graphical	patterns	 is	 tenable	and	can	 incorporate	the	 idiosyncratic	
nature	of	species.
Squamate	 reptiles	 are	 a	 taxonomic	 group	 that	 is	 both	 wide‐
spread	and	highly	diverse	within	sub‐Saharan	Africa,	where	diver‐
sification	of	forest‐/woodland‐dependent	taxa	has	been	influenced	
by	 habitat	 shifts.	 For	 example	 several	 clades	 of	 squamates	 that	
currently	 occupy	 open	 habitats	 diversified	 within	 the	 Miocene	
(e.g.	 chameleons	 and	 snakes;	 Barlow	 et	 al.,	 2013;	 Pook,	 Joger,	
Stümpel,	&	Wüster,	2009;	Tolley	et	al.,	2013;	Wüster	et	al.,	2007).	
Furthermore,	ancient	 forest	 lineages	 in	 the	southern	African	cha‐
meleon	genus	Bradypodion	gave	rise	to	open‐habitat	species	follow‐
ing	the	onset	of	open	habitat	expansion	in	the	Pliocene	(Edwards,	
Vanhooydonck,	 Herrel,	 Measey,	 &	 Tolley,	 2012;	 da	 Silva,	 Herrel,	
Measey,	 Vanhooydonck,	 &	 Tolley,	 2014;	 da	 Silva	 &	 Tolley,	 2017;	
Measey,	Hopkins,	 &	 Tolley,	 2009;	 Tolley	 et	 al.,	 2008),	 suggesting	
that	 shifts	 to	 open	 habitats	 beginning	 in	 the	Miocene	 may	 have	
This	suggests	there	are	subtleties	not	captured	in	the	broad	open	habitat	category,	
which	are	relevant	for	understanding	the	role	of	habitat‐dependent	evolution.
K E Y W O R D S
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been	widespread	on	the	landscape	and	across	multiple	taxonomic	
groups.
The	 African	 viper	 genus	 Bitis	 provides	 an	 opportunity	 to	 test	
the	 habitat‐dependent	 hypothesis	 of	 ecological	 diversification.	
Commonly	 referred	 to	as	 the	African	adders,	Bitis	 is	Africa's	most	
taxonomically	diverse	and	geographically	widespread	viperid	genus,	
containing	 18	 extant	 species	 (sensu	 Branch,	 1999;	 Gower	 et	 al.,	
2016;	Lenk,	Herrmann,	Joger,	&	Wink,	1999;	Uetz,	Freed,	&	Hošek,	
2017)	 and	 one	 documented	 extinct	 Pleistocene	 species,	Bitis old‐




enies	of	Viperidae	 and	Viperinae	have	 also	 included	Bitis	 (Alencar	
et	al.,	2016;	Herrmann	&	Joger,	1995,	1997;	Herrmann,	Joger,	Lenk,	
&	Wink,	1999;	Lenk,	Kalayabina,	Wink,	&	Joger,	2001;	Lenk	et	al.,	
1999;	 Pyron,	 Burbrink,	 &	Wiens,	 2013;	 Wüster,	 Peppin,	 Pook,	 &	
Walker,	2008;	Šmíd	&	Tolley,	2019).	The	study	of	Lenk	et	al.	(1999)	
identified	 four	 major	 mitochondrial	 clades	 within	 the	 genus	 Bitis,	
which	were	formally	recognized	as	subgenera	(Table	1).	These	are:
• Macrocerastes,	 a	 clade	 of	 large‐bodied	 forest	 adders,	 which	 in‐
cludes	the	Gaboon	adders	(B. gabonica and B. rhinoceros)	and	the	
rhinoceros	viper	(B. nasicornis).
• Calechidna,	 a	 clade	 of	 open	 habitat	 dwarf	 adders	 endemic	 to	
southern	Africa.	This	clade	is	further	divided	into	two	subclades	
corresponding,	 respectively,	 to	 those	 taxa	 primarily	 associated	
with	 gravel	 or	 rocky	 habitats	 (“rupicolous”,	 B. atropos‐cornuta 
complex)	 and	 those	associated	with	 sandy	 substrates	 (“arenico‐
lous”,	B. caudalis	complex).
• Keniabitis,	 a	 monotypic	 clade	 representing	 the	 small‐bodied	
Kenyan	endemic	B. worthingtoni,	which	occurs	in	montane	grass‐
land	habitats	along	the	Kenyan	Rift	Valley.
• Bitis	 (the	 type	subgenus),	 representing	 the	geographically	wide‐
spread	and	large‐bodied	puff	adder	(Bitis arietans),	which	occurs	
across	 a	 variety	 of	 open	 woodland,	 grassland	 and	 scrubland	
habitats	 throughout	 sub‐Saharan	 Africa,	 southern	 Arabia	 and	
Morocco.
Although	 the	 evolutionary	 relationships	 within	 Bitis are rela‐
tively	well	 understood,	 several	 important	 questions	 remain.	 The	
Subgenus Species  Habitat



























B. peringueyi Peringuey's	adder Namib	sand	sea









Keniabitis B. worthingtoni Kenya	horned	viper Montane	grassland	and	
scrub
aSubgeneric	assignment	not	confirmed	by	genetic	analysis.	
TA B L E  1  Taxonomy	of	Bitis	and	habitat	
preference	for	each	species
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relationship	between	the	subgenera	lacks	resolution,	and	the	phy‐




cluded	in	any	molecular	phylogeny	to	date	(B. harenna, B. albanica, 


























2  | MATERIAL S AND METHODS
Tissues	 (scale	 clips,	blood,	 shed	 skins,	dermal	 tissue	or	 liver)	were	
sampled	from	all	currently	recognized	Bitis	species	except	the	poorly	
known	Angolan	 species	B. heraldica	 and	 the	 recently	 described	B. 
harenna.	 All	 individuals	 were	 released	 after	 sampling	 or	 retained	
alive	by	their	owners.	Multiple	representatives	of	each	sampled	spe‐
cies	were	included	except	for	B. inornata and B. rhinoceros,	for	which	






these,	 sequences	 of	 one	 to	 three	 genes	 from	15	 individuals	were	
available	on	GenBank.	Details	 of	 samples,	 vouchers	 and	GenBank	
accession	numbers	are	given	in	Table	S1.
We	 generated	 sequence	 data	 from	 two	mitochondrial	 and	 two	
unlinked	 nuclear	 markers.	 The	 mitochondrial	 data	 consisted	 of	
partial	 sequences	 of	 the	 16s	 ribosomal	 RNA	 (16S)	 and	NADH	 de‐
hydrogenase	subunit	2	 (ND2)	genes.	The	nuclear	markers	were	ex‐




following	 primers.	 16S:	 L2510	 (5′‐CGCCTGTTTATCAAAAACAT‐3′)	
and	 H3080	 (5′‐CCGGTCTGAACTCAGATCACGT‐3′)	 (Palumbi,	 
Martin,	Romano,	Stice,	&	Grabowski,	1991);	ND2:	L4437b	(5′‐CAGCTAA 
AAAAGCTATCGGGCCCATAC‐3′)	 (Kumazawa,	 Ota,	 Nishida,	 &	
Ozawa,	1996)	and	tRNA‐trpR	(5′‐GGCTTTGAAGGCTMCTAGTTT‐3′)	
(Ashton	 &	 de	 Queiroz,	 2001);	 PRLR:	 PRLR‐f1	 (5′‐
GACARYGARGACCAGCAACTRATGCC‐3′)	 and	 PRLR‐r3	 (5′‐GACY 
TTGTGRACTTCYACRTAATCCAT‐3′)	 (Townsend,	 Alegre,	 Kelley,	 
Wiens,	 &	 Reeder,	 2008);	 UBN1:	 BaUBN_F	 (5′‐CCTCTGGTTACT 
CAGCAGCA‐3′)	and	BaUBN_R	(5′‐ATTGGCCACTCCTTGTGTTC‐3′).	
PCRs	comprised	9.6	μl	ABgene	ReddyMix™	PCR	Master	Mix	(cat.	no.	







the	 enzymes	 exonuclease	 1	 and	 thermo‐sensitive	 alkaline	 phos‐
phatase,	 and	direct	 sequencing	 carried	out	 by	Macrogen	 Inc.	 (dna.
macrogen.com)	using	forward	PCR	primers	(16s,	some	PRLR)	or	both	
forward	and	reverse	PCR	primers	(ND2,	UBN1,	some	PRLR).
Sequences	 were	 proof‐read	 and	 aligned	 using	 the	 software	
CodonCode Aligner	 3.5.6	 (www.codon	code.com).	 Only	 clean	 se‐
quences	 were	 retained,	 and	 we	 re‐sequenced	 any	 sequence	 with	
questionable	stretches.	Protein‐coding	gene	sequences	were	trans‐
lated	 to	 check	 that	 no	 frameshift	mutations	 or	 stop	 codons	were	




Heterozygous	 positions	 were	 identified	 in	 nuclear	 sequence	
chromatograms	 by	 a	 combination	 of	 visual	 inspection	 for	 double	
peaks	and	typically	low	quality	Phred	scores	(Ewing	&	Green,	1998)	




verify	 the	 reliability	 of	 the	 phAse,	 analysis	we	 computed	maximum	
likelihood	 (ML)	 trees	 under	 the	 GTRCAT	 model	 in	 RAxML	 7.2.8	
(Stamatakis,	 2006)	 for	both	 the	unphased	and	phased	alignments,	












2010)	 for	 the	 4‐gene	 dataset.	 The	 analysis	was	 run	 using	 both	 un‐
phased	 and	 phased	 nuclear	 sequences.	 Each	 gene	 was	 partitioned	
separately,	and	the	default	GTR+I+G	model	was	used	with	rapid	boot‐
strapping	 halted	 automatically	 (Stamatakis,	 Hoover,	 &	 Rougemont,	
2008).	This	analysis	was	run	three	times	to	ensure	that	independent	
ML	 searches	 produced	 the	 same	 topologies.	We	 considered	 nodes	
with	a	bootstrap	value	of	>70%	as	supported	in	this	analysis.
The	 Bitis	 species	 tree	 was	 then	 inferred	 using	 a	 multispecies	
coalescent	 (MSC)	model	 using	 *beAst	 (Heled	&	Drummond,	 2010),	
implemented	 in	beAst	 1.7.4	 (Drummond,	 Suchard,	Xie,	&	Rambaut,	
2012).	*beAst	co‐estimates	individual	gene	trees	and	the	species	tree	




two	 polyphyletic	 mitochondrial	 lineages	 (see	 Results).	 Individuals	
corresponding	 to	 these	mitochondrial	 lineages	were	 therefore	 as‐
signed	as	separate	taxa	 (B. caudalis	L1	and	L2).	 Including	outgroup	






the	 related	 Eurasian	 viperine	 clade	 (represented	 by	Vipera berus, 
Daboia siamensis and Montivipera xanthina),	which	the	fossil	record	
shows	to	have	existed	at	least	20	Ma	(Szyndlar	&	Rage,	1999).	On	
the	basis	of	 the	assumption	that	 the	most	 recent	common	ances‐
tor	(MRCA)	of	this	clade	is	unlikely	to	have	occurred	considerably	
earlier	 than	this,	we	constrained	the	monophyly	of	 this	clade	and	














Given	 the	 relative	 scarcity	 of	 early	 Miocene/Oligocene	 viperid	
fossils,	we	 prefer	 a	 less	 narrowly	 constrained	 upper	 age	 limit	 for	
this	calibration	point	than	suggested	by	Head,	Mahlow,	and	Müller	
(2016).
Separate,	 unlinked	 nucleotide	 substitution	models	were	 speci‐
fied	for	each	gene,	selected	from	those	available	in	beAuti	under	the	
Bayesian	information	criterion	(BIC)	 in	megA5	 (Tamura	et	al.,	2011).	




and	 involved	 three	 independent	 runs	 of	 5	 ×	 108	 generations	 that	
sampled	the	Markov	chain	Monte	Carlo	every	50,000	generations.	
The	 first	 10%	of	 samples	 from	each	 run	was	 removed	 as	 burn	 in.	
Convergence	and	adequate	sampling	 (effective	sample	sizes	>200)	
of	all	parameters	was	verified	in	trACer	1.5	(Rambaut	&	Drummond,	
2007).	 The	maximum	 clade	 credibility	 tree	was	 selected	 from	 the	
combined	posterior	sample	of	27,000	species	trees	and	annotated	
with	 posterior	 clade	 probabilities	 and	 node	 heights	 equal	 to	 the	
median	 value	 from	 the	 posterior	 sample	 using	treeAnnotAtor.	We	
consider	posterior	probabilities	≥0.90	as	providing	moderate	clade	
support,	and	those	≥0.95	as	providing	strong	support.
We	also	examined	the	 individual	gene	trees	 resulting	 from	the	
*beAst	 analysis,	 which	 are	 estimated	 independently	 of	 the	 spe‐
cies	 designations	 used	 to	 constrain	 the	 species	 tree.	We	 checked	
whether	 current	 species	 designations	 correspond	 with	 monophy‐
letic	clades	 in	the	gene	trees,	and	also	 looked	for	the	existence	of	

















we	 included	 an	 additional	 nuclear	marker,	 the	 anonymous	nuclear	




published	 sequences	 (Barlow	et	 al.,	 2012).	 These	were	phased	 (as	
described	previously)	and	analysed	using	*beAst,	assigning	sequences	
to	one	of	the	five	major	Bitis	clades.	Relaxed	clock	models	were	used	
for	 data	 partitions	 and	 the	 HKY	 substitution	 model	 specified	 for	
Ba34.	Other	aspects	of	the	analysis	were	as	described	previously.
Ancestral	 character	 state	 estimation	 for	 habitat	 was	 carried	
out	using	 the	APE	3	and	phytools	 packages	 in	R	 (Paradis,	2012;	
Popescu,	Huber,	&	Paradis,	2012;	Revell,	2012).	Each	 taxon	was	
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coded	as	occurring	in	closed	(forest/woodland)	or	open	(e.g.	open	
savanna,	karroid,	grassland,	heathland,	desert)	habitat	 (Figure	1).	
Outgroup	 taxa	were	 included	 to	 polarize	 the	 analysis,	 and	were	
coded	as	belonging	to	open	habitats	(this	being	the	dominant	hab‐
itat	across	each	outgroup	genus	included;	Phelps,	2010).	Because	
five	 Viperinae	 genera	 were	 missing	 from	 our	 analysis,	 we	 must	
treat	the	results	of	this	analysis	with	caution.	However,	 it	should	
be	noted	that	four	of	these	five	missing	genera	occur	in	open	hab‐
itats,	 with	 only	 Atheris	 found	 in	 forest.	 A	 more	 comprehensive	
Viperinae	phylogeny	would	be	needed	 to	 test	whether	 inclusion	
of	 Atheris	 and	 the	 other	 genera	 would	 change	 our	 results.	 The	










An	 ancestral	 area	 reconstruction	 was	 carried	 out	 using	 a	
Dispersal‐Extinction‐Cladogenesis	 model	 (DEC;	 Ree	 &	 Smith,	
2008) in rAsp	4.0	beta	 (Yu,	Harris,	Blair,	&	He,	2015)	using	the	ul‐
trametric	MSC	species	tree	generated	 in	*beAst,	and	 including	the	
six	outgroup	genera	 from	the	Viperinae	 (Causus, Cerastes, Daboia, 
Echis, Montivipera, Vipera).	The	analysis	was	also	run	on	the	ML	tree	
(pruned	 to	 retain	one	 tip	per	 taxon	as	 in	Figure	1b).	The	 terminal	
taxa	 for	 Bitis	 were	 coded	 for	 the	 analysis	 based	 on	 their	 known	
distributions,	whereas	the	taxa	that	represented	the	six	Viperinae	
genera	were	coded	according	to	the	distribution	of	the	entire	genus	
(see	Phelps,	 2010).	 The	 following	 regions	were	used	 for	 the	 cod‐
ing:	Eurasia,	North	Africa	(including	Saharan),	Sudanian,	Congolian,	
Ethiopian,	 Somalian,	 Zambezian,	 Southern	 following	 the	 biogeo‐
graphical	 regions	 from	Linder	et	 al.	 (2012;	Figure	S2	&	Table	S2).	
The	DEC	analysis	 allows	 for	both	 range	and	dispersal	 constraints	
to	 be	 defined,	 so	 that	 lineage	 dispersal	 can	 be	 modelled	 taking	
into	account	 timing	of	divergences	and	 the	connectivity	between	
geographical	 regions	 (Ree,	 Moore,	 Webb,	 &	 Donoghue,	 2005).	


















dataset	 also	 differed	 slightly	 for	 some	 clades	within	 the	Calechidna 
(Figure	1b),	although	the	ML	and	mitochondrial	gene	tree	generated	in	
the	MSC	analysis	were	in	agreement	for	these	relationships	(Figure	2).
In	other	 respects,	 topologies	 from	the	 two	methods	 (MSC	and	
ML)	were	in	agreement,	and	there	were	no	discrepancies	between	
the	unphased	 (Figure	S8)	 and	phased	 (figure	not	 included)	ML	 to‐
pologies.	 Furthermore,	 the	 *beAst	 analysis	 supported	 monophyly	
of	the	four	subgeneric	clades	for	each	individual	gene	tree	(Figures	
S9‐10),	with	the	exception	of	Calechidna,	for	which	monophyly	was	
not	supported	 in	 the	PRLR	and	UBN1	trees.	The	position	of	B. ar‐
ietans	was	 sister	 to	 all	 other	Bitis	 in	 the	PRLR	 tree,	 albeit	without	
notable	support.	The	inclusion	of	sequences	of	the	anonymous	nu‐
clear	 marker	 Ba34	 provided	 improved	 resolution	 of	 relationships	
among	 the	major	clades	 (Figure	S11),	providing	strong	support	 for	
the	Calechidna+Macrocerastes+B. arietans	clade	(posterior	probabil‐
ity	0.95	compared	to	0.90	in	the	three	locus	analysis).
Relationships	 among	 the	 four	 representatives	 of	 the	 subgenus	
Macrocerastes	 are	well	 resolved	 in	 the	 species	 and	ML	 trees,	with	
the	 two	 Gaboon	 adders	 (B. rhinoceros and B. gabonica)	 sister	 to	
each	 other.	Bitis nasicornis	 forms	 the	 sister	 group	 to	 this	 Gaboon	
adder	clade,	with	B. parviocula	in	turn	sister	to	this	clade	(Figure	1).	
Individual	 gene	 trees	 largely	 recovered	 identical	 relationships	 and	
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WW3257 Cerastes gasperettii
WW1711 B. atropos SA WCP
AM-A22 Daboia siamensis
WW1241 B. nasicornis Uganda
Bit15 B. cornuta SA WCP
WW1202 B. arietans Ghana
WW1729 B. armata SA WCP
WW1629 Echis romani
WW1409 B. arietans Tanzania
WW1762 B. atropos SA WCP
WW2812 B. schneideri SA NCP
WW3252 Vipera berus
WW2445 B. caudalis SA NCP
CMRK375 B. worthingtoni Kenya
WW1374 Montivipera xanthina
Bit20 B. peringueyi Namibia
WW1379 B. cornuta Namibia
WW1712 B. rubida SA WCP
WW2624 B. worthingtoni Kenya
WW2367 Causus rhombeatus
WW1554 B. cornuta SA WCP
AM-A2 Daboia siamensis
WW2443 B. caudalis SA NCP
WW2980 B. parviocula Ethiopia
WW1397 B. rubida SA WCP
WW3170 Cerastes gasperettii
WW1920 B. gabonica SA KZN
WW2817 B. peringueyi Namibia
Bit10 B. inornata SA ECP
WW1874 B. nasicornis Cameroon
WW1447 B. rubida SA WCP
WW1631 Echis romani
WW1351 Montivipera xanthina
WW1446 B. atropos SA WCP
WW3376 B. rhinoceros
WW1919 B. gabonica SA KZN
WW1656 B. arietans Zimbabwe
WW199 Vipera berus
WW2715 B. nasicornis Congo
WW1458 B. arietans SA WCP
WW1752 B. caudalis SA WCP
WW2650 B. cornuta SA WCP
WW2811 B. schneideri SA NCP
Bit4 B. cornuta SA WCP
WW1556 B. xeropaga SA NCP
WW2625 B. worthingtoni Kenya
WW1369 B. worthingtoni Kenya
WW1890 B. arietans Botswana
Bit9 B. schneideri SA NCP
WW1445 B. atropos SA WCP
WW1728 B. armata SA WCP
Bit3 B. cornuta SA WCP
WW2316 B. gabonica Tanzania
WW1856 B. armata SA WCP
PEM28 B. caudalis Namibia
WW1286 B. nasicornis Ghana
Bit21 B. schneideri SA NCP
WW2621 B. xeropaga SA NCP
WW1571 B. arietans Morocco
Bit16 B. caudalis SA NCP
WW1380 B. xeropaga
WW2981 B. parviocula Ethiopia
WW2448 B. caudalis SA NCP
WW1754 B. armata SA WCP
CMRK217 B. atropos Zimbabwe
WW1982 B. albanica SA ECP
WW1577 B. arietans SA WCP
Bit13 B. rubida SA WCP
WW2714 B. gabonica Congo
WW1696 B. arietans Oman
Bit11 B. albanica SA ECP
WW3384 Vipera berus
WW1287 B. rhinoceros Ghana
WW1523 Echis pyramidum
WW1940 B. arietans Central African Republic
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Species	 tree	 and	 ML	 analyses	 supported	 the	 subdivision	 of	
Calechidna	 into	 two	 clades	 corresponding	 to	 the	 rupicolous	 and	
arenicolous	dwarf	adders.	Most	members	in	the	rupicolous	clade	
are	within	 a	 recent	 radiation	 (Figure	 1;	B. albanica, B. armata, B. 
cornuta, B. inornata and B. rubida). Bitis rubida	is	paraphyletic	with	
respect	to	B. albanica	in	the	mitochondrial	gene	tree,	and	the	oc‐
currence	of	shared	nuclear	alleles	is	widespread	among	these	five	
taxa	 (Figure	2b).	Monophyly	of	 the	 remaining	species	within	 the	





Within	 the	 arenicolous	Calechidna	 clade,	 the	monophyly	 of	B. 
schneideri	 was	 strongly	 supported	 across	 all	 analyses	 and	 it	 does	
not	 share	 any	 nuclear	 alleles	 with	 other	 species	 (Figure	 2b).	 The	
monophyly	 of	B. caudalis	 was	 not	 supported	 in	 any	 of	 the	 analy‐







paraphyletic	 in	 98.9%	of	 the	 posterior	 sample.	 The	monophyly	 of	
B. peringueyi	was	supported	in	the	mitochondrial	and	the	ML	trees,	
and	this	species	shares	nuclear	alleles	with	B. caudalis	L1	(Figure	2b).







(95%	 CI	 10.0–20.0	 Ma).	 Ancestors	 of	 the	 extant	 species	 within	
Macrocerastes and Calechidna	 are	 estimated	 to	 have	 arisen	within	




habitat	 for	 both	 the	 APE	 and	 mesquite	 analyses.	 In	 addition,	 the	









geographical	 regions	 (Figure	3,	Table	S5).	The	divergence	of	B. ari‐
etans	 likely	occurred	 in	 the	Zambezian	and	Southern	 regions,	with	
the	divergence	and	diversification	of	the	Calechidna	clade	accompa‐
nied	by	a	 transition	 into	 the	Southern	biogeographical	 region.	The	
ML	 topology	 differed	 from	 the	 species	 tree	 at	 the	 deepest	 node	







should	 show	phylogenetic	 signatures	 that	match	 the	expansion	of	
open	habitats	starting	in	the	late	Oligocene	and	the	particularly	no‐
table	habitat	shifts	in	the	Miocene.	Our	results	show	that	the	genus	
Bitis	 diverged	 from	 sister	 clades	 in	 the	 early	 Oligocene,	 and	 this	
does	not	seem	to	be	 in	response	to	the	reduction	in	forest/wood‐











4.1 | Is the evolution of Bitis habitat dependent?
We	 hypothesized	 that	 open	 habitat	 Bitis	 lineages	 (subgenera:	
Calechidna, Keniabitis and Bitis)	 diverged	 either	 in	 response	 to	 the	
initial	 but	 gradual	 aridification	 of	 Africa	 (Eocene/Oligocene),	 or	
later	during	the	rapid	mid‐Miocene	expansion	of	open	habitats.	The	
ancestral	 state	 for	 the	genus	 is	 an	open	habitat	 at	 the	basal	node	
(median	 estimated	 age	 26.2	Ma,	 95%	CI	 20.6–33.7	Ma),	with	 one	
shift	to	forest	by	Macrocerastes	in	the	mid‐Miocene.	Given	that	the	
ancestral	state	is	open	habitat,	the	origin	of	Bitis	does	not	appear	to	










canopy	 forest	 and	woodland	 formed	 a	mosaic	with	 open	 habitats	








habitat‐dependent	 evolution,	 within	 the	 genus	 there	 are	 indica‐
tions	 of	 habitat‐dependent	 diversification.	 Vicariance	 initiated	 by	
the	 fragmentation	of	 forest	 during	 the	 late‐Miocene	 and	Pliocene	
may	 have	 contributed	 to	 cladogenesis	 within	 the	 forest‐dwelling	
Macrocerastes.	 Furthermore,	 the	 mid‐Miocene	 divergence	 of	 the	
Calechidna	clade	coincides	with	the	intensification	of	the	Benguela	
oceanic	current	and	associated	development	of	the	arid	conditions	
in	 the	 west,	 including	 establishment	 of	 the	 Namib	 Desert	 (Scott,	
Anderson,	&	Anderson,	1997;	Udeze	&	Oboh‐Ikuenobe,	2005).	All	




land	and	 forest	 to	 the	present	day	arid	open	habitat	conditions	 in	
Namaqualand	and	the	Karoo	(Scott	et	al.,	1997;	see	Figure	S14	for	
these	 localities).	 It	 is	 likely	 that	 an	 arid‐living	 ancestral	 clade	 from	
the	Namib	 region	 (B. peringueyi and B. caudalis	 L1)	 diversified	 and	
shifted	to	the	more	southern	central	Karoo	(B. caudalis	L2)	and	west	
coast	 Namaqualand	 (B. schneideri)	 as	 habitat	 became	 more	 xeric.	
However,	throughout	the	Pleistocene	the	climate	varied	widely	due	
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to	 glacial	 cycling.	 Indeed,	 the	 central	 Karoo	 is	 considered	 to	 have	





















lineages	 (Matthee,	 Tilbury,	 &	 Townsend,	 2004;	 Tolley	 et	 al.,	 2011;	
Wüster	et	al.,	2007).	It	should	be	noted	that	genetic	data	for	the	newly	
described	B. harenna	 is	 still	 lacking,	 but	 is	 essential	 to	 test	 this	 hy‐
pothesis.	In	contrast,	however,	B. worthingtoni	currently	has	a	limited	
distribution	along	the	Kenyan	Rift	Valley	but	divergence	from	its	sister	
clade	considerably	pre‐dates	 the	onset	of	 rift	 formation	and	volca‐







Alencar	 et	 al.,	 2016;	Wüster	et	 al.,	 2008),	 corresponding	with	our	
own	 analysis	 that	 suggests	 a	 divergence	 around	 31.9	Ma	 (95%	CI	
26–40	Ma).	Inclusion	of	additional	calibration	points	may	refine	the	
diversification	 dates	 within	Bitis,	 but	 it	 is	 unlikely	 that	 the	 dating	
would	shift	so	substantially	as	to	alter	our	main	interpretations.
The	 geographical	 origin	 of	 Bitis	 unfortunately	 remains	 elusive,	
in	part	due	to	 the	differing	 topologies	 for	 the	species	 tree	and	the	




Macrovipera, Montatheris, Proatheris, Pseudocerastes)	 and	 species	 (B. 
heraldica, B. harenna).	The	Zambezian	and	North	African	regions	ex‐
perienced	substantial	reduction	in	forest	(opening	of	habitat)	during	
















we	were	 able	 to	 resolve	 this	 relationship	with	high	posterior	 sup‐




Furthermore,	we	 suggest	 that	 current	 taxonomy	may	not	 fully	
capture	species	diversity	within	the	subgenus	Calechidna.	The	four	
samples	 of	B. caudalis	 analysed	 comprise	 two	divergent	 and	poly‐
phyletic	mitochondrial	lineages.	Multispecies	coalescent	analysis	of	





was	 still	 supported	 as	 distinct.	Bitis caudalis	 is	 widespread	 across	
south‐western	Africa,	occurring	from	southern	Angola	southwards	






Further	 indication	 of	 potentially	 cryptic	 species	 diversity	 was	
found	among	B. atropos	populations.	Specifically,	the	Zimbabwean	B. 
atropos	possessed	unique	alleles	for	two	nuclear	markers	(Figure	2b),	
and	 exhibited	 significant	 levels	 of	 mitochondrial	 divergence	 from	
conspecific	 samples	 (all	 from	 the	 Western	 Cape,	 South	 Africa),	
comparable	with	divergences	of	other	 interspecific	 rather	 than	 in‐







the	B. atropos	 “complex”	 comprises	 a	 suite	 of	 cryptic	 species	 that	
apparently	originated	 in	stepwise	 fashion	 from	north	 to	south,	as‐
sociated	with	 isolation	of	montane	grassland	habitats	of	the	Great	
Escarpment	(Kelly,	Branch,	Villet,	&	Barker,	2011).	Together	with	our	
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ica and B. rubida	as	polyphyletic,	and	these	together	showed	little	
differentiation	from	B. inornata.	Sharing	of	nuclear	alleles	was	also	
evident	among	these	three	taxa	as	well	as	among	the	other	species	
in	the	complex,	B. armata and B. cornuta.	These	genetic	patterns	
are	 consistent	with	 a	 recent	 radiation	 of	 these	 species,	 and	 any	
taxonomic	interpretations	based	on	our	limited	sampling	would	be	
premature.	 The	 relationships	 between	 these	 taxa	might	 become	
better	understood	with	denser	sampling	of	 individuals	and	addi‐
tional	genetic	loci.
Above	 the	 species‐level,	 previous	 discussions	 of	 Bitis	 sys‐
tematics	have	considered	their	higher	level	taxonomy,	specifically	
whether	 the	 four	 subgeneric	 clades	 may	 warrant	 elevation	 to	
genus	level	(Herrmann	&	Joger,	1997;	Lenk	et	al.,	1999).	Changes	
in	 nomenclature	 are	 justified	 in	 cases	 where	 current	 taxonomy	
does	 not	 adequately	 portray	 evolutionary	 relationships,	 but	 this	
must	 be	balanced	 against	 the	potential	 negative	 impacts	 of	 tax‐













Our	 analysis	 was	 limited	 to	 a	 dichotomy	 of	 open/closed	 habitats,	
yet	 the	 vegetation	 of	 Africa	 was	 surely	 more	 complex	 through	
space	and	 time.	Therefore,	we	are	 limited	 to	 interpretations	 relat‐
ing	only	to	broad	scale	patterns;	yet	diversification	within	Bitis,	and	
indeed	within	viperines,	could	easily	have	been	driven	by	nuances	
rather	 than	 the	 generalities	 that	 are	 characterize	 our	 study.	 Until	
such	time	that	the	complexities	of	African	palaeo‐vegetation	are	re‐
vealed,	broad	patterns	over	 large	 time	scales	will	 characterise	our	
best	 knowledge.	Overall,	we	 show	 that	 the	 diversification	 of	Bitis 
likely	began	 in	open	habitats	 in	 the	 late	Oligocene/early	Miocene,	
prior	 to	 the	major	expansion	of	such	habitats	 in	 the	mid‐Miocene.	
This	contrasts	strongly	with	open	habitat	mammalian	lineages	which	
are	 shown	by	 the	 fossil	 record	 to	have	diversified	much	 later,	 fol‐
lowing	 the	 expansion	 of	 C4	 grasslands	 in	 the	 late	 Pliocene	 and	
Pleistocene	(Bobe	&	Behrensmeyer,	2004;	Bobe	et	al.,	2002;	Vrba,	
1992;	Wesselman,	1985).	Overall,	our	results	highlight	the	need	for	
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